The Calculation of Road Traffic Noise (CRTN) model is one of the first traffic noise prediction models in the world and has been widely used in many Western countries. However, its performance in a motorcycle city has not been well assessed. This study aims to examine the accuracy of the CRTN model in predicting traffic noise in an Asian city with over half of motor vehicles being motorcycles. The performance of the CRTN model in predicting both roadside and vertical distributions of traffic noise levels is assessed. The results show that the performance of the CRTN model is satisfactory in predicting roadside traffic noise levels, with an 2 of 0.832 and a mean difference of +0.52 dB(A) between the measured and predicted values. The performance of the CRTN model is also satisfactory in predicting vertical distribution of traffic noise levels, with an 2 of 0.836 and a mean difference of +0.28 dB(A) between the measured and predicted values.
Introduction
Traffic noise affects the health and wellbeing of the people exposed and has drawn more and more attention from the public. Many traffic noise prediction models have been designed for traffic noise assessment in different countries [1, 2] . In traffic noise modeling, the noise level at a receptor position due to traffic emission source is usually modeled as a function of the traffic conditions (i.e., traffic volume, traffic composition, and traffic speed), road gradient, road surface nature, absorbent ground cover percentage, street configuration, and distance between the traffic emission source and the receptor. The traffic emission source can be considered as point or line source. Traffic noise models assuming point emission source include the United States Federal Highway Administration Traffic Noise Model (FHWA) [3] and the model by the Acoustical Society of Japan (ASJ) [4] , while those assuming line emission source include the Calculation of Road Traffic Noise (CRTN) model in the United Kingdom [5] and the RLS-90 model in Germany [6] .
The CRTN model is among the first systematic schemes developed to predict noise level due to road traffic. It has been widely used in the United Kingdom, Australia, New Zealand, and Hong Kong. Particularly in the United Kingdom and Hong Kong, CRTN model is the sole instrument for the assessment of road traffic environmental impacts by local authorities. Some researchers have studied the reliability of traffic noise prediction using the CRTN model. The performance of the CRTN model was found to be different under different prevailing conditions [1] . In Australia, Samuels and Saunders [7] reported that the mean overestimation by the CRTN model was 0.7 dB(A) for free field conditions and 1.7 dB(A) in front of facades. In Hong Kong, Chew and Lim [8] indicated that the error in adopting the CRTN model might increase by more than 10 dB(A) when there were buildings on both sides of a road. To et al. [9] found an overestimation of 2 to 6 dB(A) by the CRTN model. However, some studies in Hong Kong showed that the accuracy of the CRTN model was satisfactory and the predicted results using the CRTN model correlated well with the measured results with an 2 of 0.7742 to 0.9331 and a mean difference of +0.4 dB(A) to +2.0 dB(A) [10] [11] [12] [13] [14] .
This study aims to assess the validity of the CRTN model in a motorcycle city. Motorcycle is not a major concern in traffic noise modelling in Western countries, as the amount of motorcycles is not significant in general. In the CRTN model, motorcycles are simply treated as passenger cars. However, traffic conditions in the east and west are different. In many Asian urban areas such as Taiwan, India, Vietnam, Thailand, and Macau, motorcycles could occupy over half of the traffic 2 Mathematical Problems in Engineering on a number of roads [15] [16] [17] . Therefore, it is necessary to study whether the CRTN model is reliable and suitable for predicting traffic noise in a city with high incidence of motorcycle use. In this paper, Macao is selected as a case city because it has a high traffic density of 541 vehicles/km and 52.4% of licensed motor vehicles are motorcycles [18] .
Materials and Methods

CRTN Model.
The calculation of the CRTN model assumes typical traffic and noise propagation conditions that are consistent with moderately adverse wind velocities and directions during the specified periods. At a reception point with a reference distance of 10 m away from the nearside carriageway edge, the basic hourly noise level can be calculated by [5, 19] 
where is the hourly traffic volume of all heavy and light vehicles and Basic is the basic hourly noise level. Here it is assumed that the source line is 0.5 m above the carriageway and 3.5 m from the nearside carriageway edge; see Figure 1 . The calculation of the basic noise level by (1) assumes that the basic traffic speed on the road is 75 km/h, the percentage of heavy vehicles is 0%, and the road gradient is 0%. The adjustment for actual mean traffic speed and percentage of heavy vehicles Δ PV can be applied by Δ PV = 33log 10 ( + 40 + 500 ) + 10log 10 (1 + 5 )
where is the mean traffic speed that depends on road classification as specified by CoRTN model and is the percentage of heavy vehicles given by
where is the hourly flow of heavy vehicles. The traffic speed in (2) depends on the road gradient. For a nonzero road gradient, traffic speed will be adjusted by
where is the road gradient. As a result, Δ PV in (2) can be expressed as Δ PV = 33log 10 ( + Δ + 40 + 500 ( + Δ ) )
The adjustment of basic noise level for road gradient Δ is given by Subsequently, the corrections to the basic noise level are added to take into account the effects of distance from the source line, the nature of the ground surface, screening from any intervening obstacles, and reflections from buildings and façades. The distance correction can be calculated by
where is the shortest slant distance from the source position given by = √ ( + 3.5) 2 + ℎ 2 , is the shortest horizontal distance between the nearside carriageway edge and the reception point, and ℎ is the vertical distance between the source position and the reception point; see Figure 1 . The shortest horizontal distance is assumed to be not less than 4 m.
The correction for ground cover can be calculated by
where and are, respectively, the mean height and the proportion of absorbing ground between the edge of the nearside carriageway and the segment boundaries leading to the reception point.
In the CoRTN method, the reflection correction is calculated by
where the correction of 2.5 dB(A) is to take into account the reflection of noise from façade adjacent to the reception point (or on the nearside of the reception point), 1.5( / ) dB(A) is the correction for reflection from opposite façade facing the reception point, is the sum of the angles subtended by all the reflecting façades on the opposite side of the road facing the reception point, and is the total angle of view at the reception point.
Data Collection.
In this study, Macao Peninsula is selected as the study area. Macao Peninsula is the administrative, economic, transportation, and cultural center of Macao. It has a small area of 9.3 km 2 and a mixed landuse development (i.e., a mixture of residential, commercial, industrial, or other land uses in a building or set of buildings) [20] . Fifty-four on-site measurements were conducted during the morning and evening peak hours between October and December 2013. Of the 54 measurements, 31 were conducted at 31 roadsides representing different road types and traffic characteristics (see Figure 2 ) while 23 were conducted at different floor levels of a selected secondary school building (see Figure 3) .
For each measurement, data collected included traffic noise level, traffic composition, traffic volume, vehicle speed, and road characteristics. The traffic noise measurements of sound pressure level were conducted by using noise statistics analyzer HS6298A. For a roadside measurement, the receiving point was set back at a distance of 0.2 m from the curb on the pedestrian sidewalk at a height of 1.55 m from the local ground level. For the measurement inside the building, the receiving point was set close to the window of each floor; see Figure 3 . It should be noted that the measuring point was selected to be far from road intersections and other possible noise sources such as traffic control signals, noisy markets, and construction sites.
In each traffic noise measurement, traffic characteristics including traffic composition, traffic volume, and speed of vehicles on the road were recorded simultaneously for noise prediction purposes. In the CRTN model, traffic composition is generally divided into light vehicles (<1525 kg unladen weight) and heavy vehicles (>1525 kg unladen weight). In this study, light vehicles included private cars, taxis, small vans, and motorcycles, while heavy vehicles included trucks and buses. The traffic volume for each type of vehicles on the road was counted in 20-minute interval. The speed of each type of vehicles was estimated and the average speed of vehicles was calculated. In addition to the traffic data, geometrical dimensions of the road section and the site layout were also documented. 
Results and Discussion
Prediction and Measurement at Roadsides.
The measured traffic noise levels at 31 roadsides are shown in Table 1 . It was found that the average traffic noise at the 31 roadsides was 77.16 dB(A). All traffic noise levels exceeded 70 dB(A). It should be noted that, until now, there has been no road traffic noise standard in Macao. This study referred to the Hong Kong Planning Standards and Guidelines in which a standard of 70 dB(A) ( 10 in 1 hour) has been set for road traffic noise. The results show that about 80% of traffic noise levels at the roadsides investigated in this study were above the benchmark of 70 dB(A) by 5 dB(A), which confirms that the Macao Peninsula has fallen into a situation of serious traffic noise pollution [21] . In Macao, the total number of licensed motor vehicles is 227,937, in which 52.4% are motorcycles and 44.6% are light vehicles [18] . On the 31 road sections investigated in this study, the average percentage of motorcycles in light vehicles was 57.9%. In particular, 9 out of the 31 road sections had the percentages of motorcycles in light vehicles higher than 70%.
The validation of CRTN model was carried out by comparing the on-site traffic noise measurements and the corresponding CRTN predictions. As shown in Table 1 , the deviations between the measured and predicted traffic noise levels at 31 roadsides did not exceed 3 dB(A). The maximum deviation was an overestimation of 2.96 dB(A) at Road 22 (Rua do Campo). Deviations of less than 1 dB(A) were found at 21 out of the 31 roadsides. The CRTN model overestimated traffic noise level by 0.52 dB(A) on average. Figure 4 shows the scatter plot drawn between the measured and predicted values of traffic noise. Using the regression analysis, it was found that the predicted traffic noise levels by the CRTN model correlated well with the measured values with an 
Prediction and Measurement at Different Floor Levels in a Building.
The measured traffic noise levels at 23 different floor levels of a selected secondary school building are shown in Table 2 and Figure 5 . It was found that the measured 10 exceeded the benchmark of 70 dB(A) at a height lower than about 21.9 m. The maximum 10 was 74.2 dB(A) which occurred at the first receptor point with the lowest height of 3.3 m above sound source. While the minimum 10 was 65.4 dB(A) which occurred at the highest receptor point of 43.8 m above sound source, the measured 10 's generally decrease with the increase of building height.
The CRTN predictions at 23 floor levels are also shown in Table 2 and Figure 5 for comparison. It can be observed that the differences between the measured and predicted traffic noise levels were in the range of −1.77 dB(A) to +2.12 dB(A). The mean difference was +0.28 dB(A). The deviations at 19 receptors did not exceed 1.5 dB(A). Deviations of more than 1.5 dB(A) were found at the three highest receptors (with a height of more than 39.7 m). This is similar to other research results [12] [13] [14] , which indicated that the CRTN model tended to overestimate 10 at higher floor levels of the building. Figure 6 shows the scatter plot drawn between the measured and predicted traffic noise levels at different floor levels. It was found that the CRTN predictions correlated well with the measured values with an 2 of 0.836. 
Conclusion
This study has examined whether the Calculation of Road Traffic Noise (CRTN) model is reliable and suitable for predicting traffic noise in a city with high incidence of motorcycle use. Thirty-one on-site measurements were conducted at roadsides which represented different road types and traffic characteristics in an Asian city with over half of licensed motor vehicles being motorcycles. The differences between the measurements and the corresponding CRTN predictions at 31 roadsides were in the range of −1.47 dB(A) to +2.96 dB(A), and the mean difference was +0.52 dB(A). The CRTN predictions of roadside traffic noise levels correlated well with the measured values with an 2 of 0.832. The performance of the CRTN model in predicting the vertical distribution of traffic noise level in a motorcycle city was also evaluated by comparing the CRTN predictions and the measurements at 23 different floor levels of a selected secondary school building. The results show that the differences between the measured and predicted traffic noise levels were in the range of −1.77 dB(A) to +2.12 dB(A), and the mean difference was +0.28 dB(A). The CRTN predictions of vertical distribution of traffic noise levels correlated well with the measured values with an 2 of 0.836.
The present study suggests that the CRTN model is a reliable model in predicting both roadside and vertical distributions of traffic noise levels for a city with high rates of motorcycle use. Nevertheless, the accuracy of the CRTN model for a motorcycle city could be further improved in the future by considering the effects of the percentage of motorcycles in light vehicles. Measured noise levels (dB(A)) CRTN predictions (dB(A)) R 2 = 0.836 Figure 6 : Predicted and measured 10 at different floor levels in a building.
